As the penetration of wind energy is being dramatically increased, the impact of wind energy on the power system should be roundly studied, especially for the fault characteristics analysis and applicability analysis of low voltage ride-through (LVRT) requirements for a whole wind farm (WF) and an individual wind turbine generator (WTG). This paper firstly describes a detailed modeling of a permanent magnet synchronous generator (PMSG)-based WF and analyzes the fault characteristics of the WF under various fault conditions. The validation of the fault characteristics analysis is carried out with the EMTP-RV generated data, with the consideration of different fault positions, fault types, and wind speeds. The relay protection and the related grid code are also taken into account. In addition, the applicability analysis of LVRT requirements for a WF and a WTG is also implemented, from the points of minimal grid-connection time and minimal dynamic reactive current support ability. The fault characteristic analysis of a PMSG-based WF could be helpful for developing new control or protection methods for a PMSG-based WF. Meanwhile, the applicability analysis of LVRT requirements could serve as a reference for WTG manufacturers, WF administrators, and grid operator.
Introduction
To reduce the emission of green gases, the Copenhagen Climate Council was held to promote a new climate treaty to replace the Kyoto Protocol from 1997 [1] . Although the Copenhagen Accord was not ultimately approved, it sent an important signal that many countries are attempting to reduce their dependence on fossil energy by developing renewable energies, such as wind, solar, bio-, and hydraulic energy. In addition, the World Wildlife Fund for Nature released "The Energy Report [2] ", which outlined how the world can be powered by 100% renewable energy by 2050.
Among these renewable energy resources, wind energy has become the most prospective alternative due to its abundant potential sources and advances in power generation technologies over the last decade. The global total installation of wind power remains above 500 GW and according to the prediction of Global Wind Energy Council (GWEC), the total cumulative installations will reach 840 GW by the end of 2022 [3] . Moreover, the capacity of individual wind farms (WFs) have become larger and larger. Korea has begun the construction of a 2.5 GW offshore WF near the western coast that is expected to be complete in 2019 [4] . At present, the doubly fed induction generator (DFIG) and the permanent magnet synchronous generator (PMSG) are two main kinds of variable speed wind turbine generators (WTGs). Compared with the DFIG, the PMSG will be more widely used, due to some obvious advantages. The gearbox, which may be easily broken, is omitted in the PMSG, which can improve the efficiency and reliability of the PMSG. What is more, the utilization of a full-scaled power converter makes the control strategies of a PMSG-based WTG more powerful and much easier.
Nowadays, the potential for large-scale exploitation of wind energy is huge, but the impact of the wind power generation on the power system should be carefully deliberated with more wind power generation flooding into the power system, the demand for a better understanding of the factors affecting the behaviors of a WF under fault conditions is greater, so it is essential to analyze the fault characteristics of a WF. The fault characteristic analysis and related researches of a PMSG-based WF have been presented before [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The characteristic based on direct-driven wind energy conversion using PMSG during grid voltage sag has been simulated and studied in [5] , wherein the grid voltage sag was simplified to the gird side converter voltage sag and the topology of a WF was ignored. The short-circuit current characteristics of direct-drive permanent magnet wind turbine were simulated and studied in [6] , where only three-phase (3P) fault on the high voltage side was considered and the current characteristics were analyzed. However, unsymmetrical faults, i.e., single-line-to-ground (SLG), double line-to-ground (DLG), and line-to-line (LL) faults were not considered. The performance analysis of a PMSG wind turbine during short circuit faults was presented in [7] , where the 3P and SLG faults were considered and the topology of a WF was simplified, as it was in [6] . The transient stability analysis of a variable speed wind turbine (VSWT) using a field excited synchronous generator was presented in [8] , where only SLG faults were considered. The transient stability analysis of a permanent magnet variable speed synchronous wind generator during symmetrical and unsymmetrical faults was presented in [9] , where all fault type and simple position difference were considered. The fault characteristics of collecting power lines in PMSG wind farm were simulated and studied in [10] , which focused on the faults in the power collection system inside a PMSG-based WF. Many methods for fault detection or diagnosis were presented in [11] [12] [13] [14] , all of which focused on the fault characteristics inside the PMSG or the full power converter rather than the fault characteristics of a WF during WF or power system faults. Besides, some characteristic study and advanced control methods were proposed during faults, where only severe 3P faults were considered [15] [16] [17] . In brief, specialized and comprehensive fault characteristic analysis of a PMSG-based WF is still insufficient.
Many countries have developed their own grid codes for wind power interconnection to mitigate the possible negative impacts of a WF [18, 19] . One of the significant requirements for a WF in these grid codes is the low voltage ride-through (LVRT) capability, which requires a WF to stay connected to the grid for a short time when the voltage drops [20] . Obviously, it is what the grid asks of a WF, to maintain grid stability to a certain extent. However, WF owners or operators usually transfer the grid demand for the LVRT capability of a WF, which considers the voltage of the point of common coupling (PCC) of the whole WF, directly to WTGs and their manufacturers, which can only consider the WTG terminal voltages. In addition, it seems that the PRC National Standard to be implemented for wind turbines test procedure of voltage fault ride through capability will approve this practice tacitly [21] , which requires the same LVRT capability for WTGs as that for a WF [20] , while it is a rigor to WTGs and this procedure should be deliberated carefully.
In this paper, a typical modeling and topology construction of a PMSG-based WF is described. The machine side converter (MSC) regulates optimal electrical torque to realize maximum power point tracking (MPPT) at low wind speed and regulates constant electrical torque at high wind speed. The grid side converter (GSC) maintains the direct current (DC) voltage stable and controls the reactive power output. The pitch control limits the rotor angular velocity not over the rated. This paper analyzes the fault characteristics of a PMSG-based WF under various fault conditions. The validation of fault characteristics analysis is carried out with the EMTP-RV generated data, with the consideration of different fault positions, fault types, and wind speeds. The relay protection and the related grid code are also taken into account. Besides, the applicability analysis of LVRT requirements for a WF and a WTG is presented, from the points of both minimal grid-connection time and minimal reactive current support.
A detailed modeling of a PMSG-based WTG is firstly presented in Section 2. A typical control strategy of a PMSG-based WTG is described in Section 3. The relay protections of a PMSG-based WTG or WF are given in Section 4. The model system of a PMSG-based WF is introduced in Section 5. Case studies concerning fault characteristics are shown in Section 6. The LVRT requirements for a WTG and a WF are discussed in Section 7. Finally, the concluding remarks are made in Section 8.
Modeling of a PMSG-Based WTG
The model of a PMSG-based WTG consists of the wind turbine, drive shaft, PMSG, and back-to-back converter models, which are shown in Figure 1 . The wind turbine model captures the power from wind and converts it into mechanical power transmitted to the drive shaft model; the drive shaft model transfers the mechanical power from the wind turbine model to the PMSG model; the PMSG model converts the mechanical power into the electrical power and transmits it to the back-to-back converter model; the back-to-back converter model transmits the maximal or required power to the grid. 
Wind Turbine Modeling
Wind turbines cannot capture all passing wind energy. The mechanical power (P t ) extracted from the wind is given in (1) [22, 23] .
where P w , C p , λ, β, ρ, S, and v are wind power, wind power coefficient, tip speed ratio, pitch angle, air density, wind turbine swept area, and wind speed, respectively. λ is given as:
where ω t and R are the angular velocity and the radius of the wind turbine, respectively.
Drive Shaft Modeling
The drive shaft takes an effect in transferring the mechanical power or torque. In a PMSG-based WTG with large capacity, due to the large inertia moments on the both sides of the drive shaft, it can cause distortion and relaxation to the drive shaft, which may affect the transient process.
The paper uses 2-mass model, which regards wind turbines and the rotor as two masses with large inertia moments, the state equation in per-unit value is defined and given in (3) [24] .
where H t and H r are inertia time constants of the turbine and the rotor; ω t and ω r are angular velocities of the wind turbine and the rotor; T t , T r and T e are the input torque of wind turbine, output torque of drive shaft or input torque of rotor, and electromagnetic torque of PMSG; θ is the torsion angle; f is the frequency base; p is the polar logarithm of PMSG; K is the rigidity coefficient; DSD t , DSD r , and DSM are the self-damping coefficients of the wind turbine and the rotor, and the mutual damping coefficient between each other. The units of the quantities in the equation are all per unit except that the units of K, θ , and f are pu/rad, rad, and Hz, respectively.
PMSG Modeling
The PMSG model using the rotor-flux-oriented frame is defined and given in (4) . The positive direction is specified as follows: d-axis is oriented to rotor flux, q-axis is 90 • electrical angle ahead of d-axis, and the direction of voltage and current conforms to the generator model [25] .
where u sd and u sq are the stator d-and q-axis voltages; i sd and i sq are the stator d-and q-axis currents; r s is the stator resistance; L sd and L sq are the stator d-and q-axis inductances; s is a complex variable; ψ f is the permanent magnet flux; ω se is the electrical angular velocity of the rotor. The electromagnetic torque builds a bridge between mechanical and electrical part. It not only takes part in torque transferred in (3), but also relates to electrical quantities in (4), as shown in (5) .
Back-to-Back Converter Modeling
The back-to-back converter model consists of the MSC, DC link capacitor with chopper protection, and the GSC. The MSC is connected to the PMSG directly. Ignoring the high frequency component, the model of the MSC based on d-and q-axis is the same as (4). The grid-voltage-oriented frame is adopted in the GSC, which means the d-axis orients to the grid voltage of phase A, and q-axis is 90 • electrical angle ahead of d-axis. The direction of the grid side current is flowing into the GSC. The model of the GSC based on d-and q-axis is shown in (6) . e gd = (L g s + r g )i gd − w ge L g i gq + u gd e gq = (L g s + r g )i gq + w ge L g i gd + u gq (6) where e gd and e gq are the grid side d-and q-axis voltages; r g and L g are the line resistance and inductance between the GSC and grid side; i gd and i gq are the grid side d-and q-axis currents; w ge is the grid angular frequency; u gd and u gq are the GSC d-and q-axis control voltages.
Control Strategy of a PMSG-Based WTG
The control structure diagram of the a PMSG-based WTG is shown in Figure 2 . The control can be divided into three stages: no grid connection below cut-in wind speed or above cut-out wind speed, the maximum power point tracking (MPPT) control at low wind speed, and the rated power control at high wind speed. It is implemented mainly by electromagnetic torque control, and rotor angular velocity control [24] [25] [26] [27] [28] . The detailed control strategies of the MSC, GSC, and pitch angle are presented in Sections 3.1-3.3. For any wind speed, there is an optimal angular velocity ω opt , correspondingly. The maximum generated power (P opt ), which is also called as the optimum power, is given in (7) .
where C pmax is the maximum wind power coefficient and k opt is the optimal power curve coefficient, as shown in (8).
Therefore, the optimum torque T opt is shown in (9) .
As introduced in [26] [27] [28] , the electromagnetic torque reference (T e *) and the angular velocity reference (w r *) are shown in (10) and (11) .
where T emax and ω rmax are the maximal electromagnetic torque and the maximal rotor angular velocity, respectively.
The Control Strategy of MSC
MSC adopts the vector control of rotor flux orientation based on feedforward decoupling to realize the control of the electromagnetic torque (T e ).
The control block diagram of the MSC is shown in Figure 3 . The d-axis current reference, i sd *, is set to zero to guarantee that T e is only linearly related to the q-axis current (i sq ) [29, 30] . In Figure 3 , k sd_p and k sd_i are the proportional and integral coefficients of machine side d-axis current inner loop PI controller; k sq_p and k sq_i are the proportional and integral coefficients of machine side q-axis current inner loop PI controller; i sd * and i sq * are machine side d-and q-axis current references. 
The Control Strategy of GSC
GSC adopts the vector control of grid voltage orientation based on feedforward decoupling to maintain the DC voltage stable and control reactive power from the grid.
The control block diagram of GSC is shown in Figure 4 . The d-axis current reference (i gd *) comes from the DC-link voltage outer loop PI controller. The q-axis current reference (i gq ) comes from the reactive power outer controller, in which Q g * is proportional to i gq * because of the vector control of grid voltage orientation [29, 30] . In this paper, Q g * is set to zero because the WTG or WF usually generates the active power as much as possible rather than the reactive power. When the grid has extra reactive power supply requirement, Q g * will be set to the specific value, which can be calculated from the required reactive power. In Figure 4 , k dc_p and k dc_i are the proportional and integral coefficients of grid side d-axis voltage outer loop PI controller; U dc and U dc * are the DC-link voltage and its reference; Q g and Q g * are the reactive power absorbed from the grid and its reference; k gd_p and k gd_i are the proportional and integral coefficients of the grid side d-axis current inner loop PI controller; k gq_p and k gq_i are the proportional and integral coefficients of the grid side q-axis current inner loop PI controller; i gd * and i gq * are the grid side d-and q-axis current references. The utility gird phase angle used in the GSC control comes from soft phase locked loop [31] .
The Control Strategy of Pitch Angle
The pitch control, which only be activated in high speed, is to limit the rotor angular velocity ω r not to exceed the rated ω rmax . The control block diagram of pitch angle is shown in Figure 5 [24, 32] , where ω is the difference between the rotor angular velocity reference and its actual value, k b_p , k b_i , and k b_d are the proportional, integral, and differential coefficients of the pitch angle controller. 
The Relay Protections of a PMSG-Based WTG
To analyze the fault characteristic of the WTG and the WF as comprehensively as possible, the effects of relay protections should be taken into account. When the voltages of the PCC suddenly drops due to a certain grid fault, the individual WTG and the WF need to satisfy LVRT requirements, especially the minimal grid-connection time and the reactive current supply. Moreover, the controls of the WTG and the WF have very close relation with the LVRT requirements. Thus, the LVRT requirements can affect the fault characteristics of a WTG and a WF. Since the transient characteristics of a WTG or a WF are significantly affected by the protection methods adopted, the activations of the chopper protection and overcurrent protection are covered.
The LVRT requirement is described in the Section 4.1; the chopper protection and overcurrent protection in converters are respectively described in the Sections 4.2 and 4.3.
Low Voltage Ride-Through Requirement
When faults or disturbances cause the voltage sag at the PCC of a WF, the WF can only be disconnected from the grid after a certain time depending on the severity of voltage sag. In addition, if the WF is disconnected from the grid, both the MSC and GSC are blocked by the control signals in order to prevent potential overcurrent. According to the Chinese National Standard GB/T 1963-2011 [20] , the required curve of low voltage ride-through for a WF is shown in Figure 6 . The choice of the assessment voltage at the PCC of a WF depends on the fault type, which is shown in Table 1 . When a 3P, DLG, or LL fault occurs, the line voltages will be considered. Meanwhile, when a SLG fault occurs, the phase voltages instead of line voltages will be considered. In addition, according to GB/T 1963-2011 [20] , when a 3P fault occurs, a WF should have the ability of dynamic reactive power support, which requires a WF to inject dynamic reactive current as (12) .
where I PCC_Q is the required dynamic reactive current of a WF; U PCC is the voltage of the PCC of a WF; I PCC_N is the rated current of a WF. All the above quantities adopt per-unit values.
Chopper Protection
When a fault or disturbance causes the voltage sag, because the input power of the converter system is greater than the output power, the voltage of the DC link will rise, which may cause the breakdown of the DC capacitor and connected converter systems. With the paralleled DC unloading circuit, by switching the chopper resistance, R_chopper, the chopper protection can consume excess power to maintain the DC voltage, also to protect the DC capacitor. The chopper protection diagram is shown in Figure 7 [28, 30] . The chopper protection usually adopts hysteresis control strategy which is shown in Figure 8 . In this paper, U dc_min and U dc_max are set to be 1.025 p.u. and 1.075 p.u., respectively. 
Overcurrent Protection in Converters
The overcurrent protection is used in both MSC and GSC to protect power electronic devices. If the current of the MSC or GSC is too high, it can shut down the converter. In this paper, the thresholds of both MSC and GSC overcurrent relays are set to 3.0 p.u.
The Model System of a PMSG-based WF
To verify the performance of a PMSG-based WF model and analyze the fault characteristic of the WF, the detailed WTG model and an aggregated WF are built with an EMTP-RV simulator, which is a professional software widely adopted in the field of electromagnetic transient analysis. The detailed WTG model and related control strategies have been described in the previous sections. Methods on how to aggregate a whole WF is introduced in [33] . Figure 9 shows a model of a 120 MW aggregated WF studied in this paper, which contains six power collection feeders and sixty WTGs. Each power collection feeder (35 kV) is 10 kilometers long with ten WTGs interconnected equidistantly through step-up transformers. These power collection feeders are collected to a collector bus, which is connected to the strong grid (220 kV) through a main transformer. The strong grid (220 kV) consists of transmission lines and two equivalent power sources, the short circuit capacities of which are 100 GVA and 80 GVA, respectively. All WTGs are variable speed PMSGs. The filter devices adjoining WTGs can generate 0.135 p.u. reactive power under the rated voltage. The Zig-Zag transformer is collected to the collector bus to provide the zero potential to the 35 kV power collection system. The characteristic of fault current depends on the winding connection of the step-up transformer and the main transformer. A grounded-wye-delta transformer is used as a step-up transformer in the aggregated WTG. This is because delta connection can provide isolation of the WTG from the zero-sequence behavior of the power collection feeder and the grounded-wye connection can provide a solid ground for the low-voltage side of the WTG [34] . A delta-grounded-wye transformer is mostly used as a main transformer and is modeled in this paper.
In addition, the impedance of the step-up transformer must be carefully designed to avoid possible resonance to the harmonic current or the excessive short-circuit current generated in the WTG. Typically, the multi-megawatt step-up transformer has a lumped series reactance of 0.06 p.u. and resistance of 0.01 p.u. [35, 36] , at least. Similarly, the main transformer is an important component of a large WF because of its substantial impedance. The dedicated main transformer has a lumped series reactance of 0.10 p.u. and resistance of 0.05 p.u. [35, 36] , at least.
The signs F1-F4 illustrated in Figure 9 show the fault positions. F1 depicts a feeder fault in the WF. F2 depicts a fault in the transmission line of the WF, which is 25 km away from the bifurcation. F3 and F4 depict grid faults which occurs at the transmission line connecting 80 GVA equivalent power source, which are respectively 25 km and 100 km away from the bifurcation. The parameters of the cable and the transmission line are shown in Table 2 . Assuming that the short-circuit impedance of two grids, the excitation branch of transformers, the shunt impedance of transmission lines and the series impedance of feeder cables are ignored, the zero-sequence, positive-sequence, and negative-sequence network of the interconnected power grid system are shown in Figure 10 , where _0, _1, _2 represent the zero-sequence, positive-sequence, and negative-sequence component, respectively. The number behind line illustrate the length. Thus, WTGs can be regarded as a positive-sequence current source, filters can be regarded as a fixed value capacitor, zig-zag transformer only provides the access for the zero-sequence component. 
Case Studies
In this section, the fault characteristic analysis of a PMSG-based WF are presented under various fault conditions varying the fault position, the fault type, and the wind speed, as shown in Table 3 .
All faults occur at 0.04 s. For electromagnetic transient analysis, the wind speed can be assumed to be constant during the short time interval. The LVRT protection is implemented at the WTG terminal. 
Faults with Different Position
In this subsection, different fault positions i.e., F1 (Case 1), F2 (Case 2), F3 (Case 3), and F4 (Case 4), with the same fault type (SLG fault at phase A) and wind speed (the rated) are considered. F1 fault occurs in the WF, whilst the other three faults occur at the gird side. Different fault positions can make the impedance from the PCC to the fault point different and consequently causes different voltage drop and current at the PCC, which may affect the fault characteristics. The results are shown in Figures 11-14 Cases 1 depicts the fault which occurs in the power collection system, as shown in Figure 11 . The voltage of the faulted phase at the fault position sags to nearly zero, meanwhile the voltages of the healthy phases increase to nearly square root of three times prior to the fault. However, the voltages at both PCC and WTG terminal do not drop dramatically due to the impedances and delta-connection of the main transformer and step-up transformer, as seen in Figure 11a ,c.
In terms of zero-sequence component, the phase angles of the zero-sequence voltages and currents at both the WTG terminal and the PCC prior to the fault are jumbled, because the magnitudes of these components in the non-fault condition are very small. It can also be seen in the results of corresponding negative-sequence components. When the fault occurs, the zero-sequence components cannot reach to both the PCC and the WTG terminal due to the delta-connection of transformers, and the zero-sequence current only flows among the feeder and the zig-zag transformer, as shown in Figure 11a -d. In terms of positive-sequence component, the magnitude and phase angle of PCC currents have visible change due to the fault current flowing from the grid to the power collection system. In terms of the negative-sequence component, although the negative-sequence voltage at the WTG terminal is higher than that at the PCC, due to the high negative-sequence impedance from the feeder to the WTG terminal, the negative-sequence current at the WTG terminal is much lower than that at the PCC, as shown in Figure 11c ,d. In addition, since the output power of the GSC is smaller than the input power of the MSC, the chopper protection is actuated due to the increasing voltage of the DC link, as shown in Figure 11e . The overcurrent protection of both the MSC and the GSC, and the LVRT protection are not activated. Cases 2-4 depict the fault occurring outside the WF with different positions. The fault characteristics of these three cases are similar, as shown in Figures 12-14 . Since the SLG fault occurs at the grounded-wye connection side of the main transformer, the voltage of the faulted phase sags to nearly zero, and the voltages of the healthy phases remain almost stable as before.
In terms of the zero-sequence component, based on Figure 10a , the closer the fault position is to the PCC, the less the equivalent impedance from the PCC to the fault position is. Thus, the magnitude of the zero-sequence voltage of the PCC in Case 2 is larger than those in Cases 3 and 4. Meanwhile, since the impedance angle of the main transformer is similar as that of the line, the phase angles in three cases are almost the same, as seen in Figures 12a, 13a and 14a . The comparation about the magnitude and phase angle of zero-sequence current in three cases are the same with the analysis about the zero-sequence voltage, as seen in Figures 12b, 13b and 14b . However, due to the configuration of the main transformer, the zero-sequence component cannot reach to the WTG terminal, as shown in Figure 10a, Figure 12c Figure 10b , the closer the fault position is to the PCC, the lower positive-sequence voltages of both the PCC and the WTG terminal are. Especially, when a remote fault (F4 fault) occurs, the positive-sequence voltage and current of WTG terminal almost remain stable. In terms of negative-sequence component, based on Figure 10c , the closer the fault position is to the PCC, the higher negative-sequence voltage of PCC is. Since the negative-sequence impedance is considerable large, all negative-sequence voltages and currents are small. In addition, similar with the analysis of Case 1, since the output power of the GSC is smaller than the input power of the MSC, the chopper protections in Cases 2-4 are actuated. What's more, the severer the voltage sags, the worse the power unbalance is between the MSC and GSC, the more frequently the chopper protection actuates, as shown in Figures 12e, 13e and 14e . In summary, the characteristics of a WF under an inside or outside fault scenario are different, mainly due to the connection of step-up transformers and main transformer. Compared faults all occurring outside of the WF but with different fault distance, the fault characteristics of a WTG are similar since the impedance of the main transformer is large.
Faults with Different Type
In this subsection, different fault types (i.e., SLG (Case 4), LL (Case 5), and 3P (Case 6) faults, with the same fault position (F4) and wind speed (the rated)) are considered. The results of Case 4 have been shown and analyzed in the previous section. The results of Cases 5 and 6 are shown in Figures 15  and 16 , respectively. In addition, WTGs carry out the dynamic reactive current support in the GSC according to (12) .
When an LL or a 3P fault occurs, there is no zero-sequence component, as shown in Figures 15  and 16 . Compared to the magnitudes of the positive-sequence voltage at both the PCC and the WTG terminal in three cases as seen in Figure 14a,c, Figure 15a,c and Figure 16a ,c, the voltage sags in Case 6 is the most serious, because the 3P fault is the most serious fault. The positive-sequence component directly related to the active power. Thus, the lower positive-sequence voltage of the PCC and the WTG terminal is, the less power the WTG generates. Consequently, the worse the power unbalance between the MSC and the GSC is, the more frequently the chopper protection actuates, as shown in Figures 14e, 15e and 16e . In terms of the negative-sequence component, there is no negative-sequence components existing in Case 6. The negative-sequence voltages at both the PCC and the WTG terminal in Case 5 are higher than those in Case 4, as seen in Figures 14a and 15a, Figures 14c and 15c . Thus, the magnitude and phase distortions of voltage at the WTG terminal are more obvious in Case 5, as compared Figures 14c and 15c, Figures 14d and 15d . These distortions are not induced by any zero-sequence component, since all zero-sequence component are blocked by the delta-connection of the main transformer. Thus, the effect of the negative-sequence voltages at the PCC and WTG terminal cannot be ignored. In addition, because the negative-sequence circuit impedance is considerable large, the negative-sequence current is still low, as shown in Figure 15b ,d.
In summary, when an SLG fault occurs, the zero-sequence components mainly affect the fault characteristics of both a WF and a WTG; in the case of an LL fault, the negative-sequence components mainly affect the fault characteristics of both a WF and a WTG; in the case of a 3P fault, the severe positive-sequence voltage sag activates the chopper protection frequently. 
Faults with Different Wind Speeds
In this subsection, different wind speeds (i.e., the rated (Case 4), high (Case 7), and low (Case 8) wind speeds, with the same fault type (SLG fault at phase A) and fault position (F4)) are considered. The results of Case 4 have been shown and analyzed in the previous section. The results of Cases 7 and 8 are shown in Figures 17 and 18 , respectively. The reason why different wind speeds are taken into account is that the rotation speed of the rotor and output power of the WTG depend on the wind speed, which may consequently affect the fault characteristics.
Compared the results shown in Figures 14, 17 and 18 , the fault characteristics of a WTG and the WF are almost the same. The rotation speed of the rotor in Case 8 is smaller than those in Cases 4 and 7, since the WTG in Case 8 works at the MPPT mode whilst the WTGs in Cases 4 and 7 work at the rated power generation mode. However, these differences do not visibly affect the fault characteristic of a WTG, as compared the results shown in Figures 14, 17 and 18 . The reason is that the networks at the MSC and GSC sides are clearly separated by the DC link. In addition, since the inertia of the rotor is usually large, the rotation speed of the rotor can only slightly increase.
It is worth mentioning that the chopper protection in Case 8 is not activated, which is different from those in Cases 4 and 7, as shown in Figures 14e, 17e and 18e . When the wind speed is low, the power passing through the MSC and GSC prior to a fault inception is small. Consequently, the power unbalance after a fault inception is not serious, compared with that in rated or high wind scenarios. The voltage of DC link can be easily controlled by the GSC, which causes the chopper protection inactivated. 
Applicability Analysis of Low Voltage Ride-Through Requirements for a Whole WF and an Individual WTG
As a higher penetration level of wind power is going to be reached in the power system, the possible negative effects of wind generation will no longer be neglected, such as voltage flicker, loss of generation for frequency support, voltage and power variation due to the variable speed of the wind, and the risk of instability due to lower degree of controllability [37] . To eliminate the potential adverse impacts, many countries have issued the related gird codes or rules for wind power interconnection. One of the significant requirements is LVRT ability.
In 2012, China issued the PRC National Standard [20] , in which the LVRT requirements for a WF were proposed. Then, in 2018, the LVRT requirements, which an individual WTG must satisfy, were proposed in another new PRC National Standard [21] . Comparing these two standards, the former aims at a whole WF, whilst the latter aims at an individual WTG. However, these two standards have the exact same requirements for LVRT, including the minimal grid-connection time, minimal reactive current support ability, active power recovery time, and so on. The reason is that the voltage sag at the WTG terminal and that at the PCC of a WF are assumed to be identical. However, this assumption is debatable, especially in the case of a large WF. The following subsection will analysis the applicability of LVRT requirements for a whole WF and an individual WTG, from the point of minimal grid-connection time and minimal reactive current support ability.
Discussion on the Minimal Grid-Connection Time
For asymmetrical faults, the voltage sag condition experienced at a WTG terminal can be substantially different from the PCC of a WF due to the configurations of transformers, including the step-up transformer and main transformer. For symmetrical faults, although the transformers' configurations do not affect the voltage sag conditions, the voltage difference ( U) between the voltage (U WTG ) at WTG terminal and the voltage (U PCC ) at PCC is non-ignorable, due to voltage drops generated at the step-up transformer, power collection feeder, and main transformer [38, 39] . Considering the currents flowing from WTGs and reactive power compensation devices to PCC and impedances of step-up transformers, feeders, and main transformers, U WTG is usually higher than U PCC , as in (13) .
In case that a grid fault occurs, U WTG and U PCC drop together. From the point of the WF, the grid-connection time should be longer than T PCC . However, from the point of the WTG, since the WTG can only "see" U WTG but not U PCC , the WTG has to keep connection with the gird for T WTG according to the same requirements in [20] and [21] , as shown in Figure 19 . The relationship between T WTG and T PCC can be concluded in (14) .
where T is the time difference between T WTG and T PCC . Obviously, T WTG is larger than T PCC , which means that the requirements in [21] are harsher than those in [20] from the point of a WTG. Consequently, it would be helpful to WTG manufacturers and WF administrators to clarify how harsh the new National Standard [21] is. In other words, the series minimal U when U PCC is in 0.2, 0.9 under all kinds of WF configuration and should be calculated and analyzed. Assuming that the series impedance of power collection feeders is ignored, which is reasonable because this impedance is much less than that of main transformer. The impedance of the step-up transformer is also neglected, since the voltage detected in [21] is the voltage at the high voltage side of the step-up transformer, which means that the WTG and its step-up transformer are seen as one unit. Thus, the simplified WF configuration could be shown in Figure 20a . Z TR = R TR + jX TR represents the impedance of the main transformer. . X represents the phasor quantity of X, while X represents the corresponding magnitude. It bears mentioning that the reactive power compensation devices, which could be capacitor banks, static var compensators (SVCs), or static synchronous compensators (STATCOMs), and the capacitance component of the power collection feeders, are also ignored in this equivalent circuit. Since we do not know what kind of reactive power compensation device is used in certain WFs, it is difficult to calculate the minimal U, which is the lowest value in all WF with all possible configurations, under the consideration of reactive power compensation devices. Moreover, the reactive power compensation devices are usually connected with the power collection feeder or bus, and the reactive current flowing out would pass through the main transformer. This will increase U and U WTG and consequently make the difference, which should be considered in [20] and [21] . Assuming . U PCC as the reference phasor quantity, which means . U PCC = U PCC ∠0 • , the phasor diagram is shown in Figure 20b . ϕ is the phase angle that . 
Obviously, for any particular ϕ, the lower I PCC_Q is, the lower f (I PCC_Q , ϕ) is. In addition, for any particular I PCC_Q , the higher ϕ is, the lower f (I PCC_Q , ϕ) is. Thus, only when I PCC_Q and ϕ are respectively minimum and maximum, which are respectively value satisfying (12) and 90 • , f (I PCC_Q , ϕ) is the minimum. Consequently, both U WTG and U are minimum. It is worth mentioning that in this condition, the WF only supplies minimal reactive power and does not supply active power to the grid, which is very common operation mode when a grid fault occurs.
As a result, the minimal voltage magnitude of the WTG terminal (U WTG_MIN ) is shown in (17), where I PCC_N is regard as 1.0 p.u. in (12) .
Thus, the LVRT curve suggested under the consideration of U and that in the Standard are respectively shown with dashed and solid curves in Figure 21 . From Figure 21 , when the voltage of PCC drops from 1.0 p.u. to U PCC , the voltage of WTG terminal only drops to U WTG_MIN , which is the lowest value in all WFs with all possible configurations and parameters. Given the impedance of power collection feeders and step-up transformers, the reactive current support from reactive power compensation devices and cables, and the possible existing active current of the WF, are all ignored. When the voltage of PCC drops to 0.2 p.u., the U WTG_MIN only drops to 0.3095 p.u., which is calculated by solving (17) . The meaning of this study is that, if the voltage of a WTG terminal drops to a value under 0.3095 p.u., all WTGs can be disconnected from the gird immediately, since in this case the voltage of PCC has dropped to a certain value under 0.2 p.u., no matter what the configuration of the WF is. Moreover, if the components previously ignored are also taken into account, the voltage of the WTG terminal could be much higher than U WTG_MIN , which can be seen as the U WTG_simulation simulated with various U PCC . These are based on a normal WF with general configuration and parameters and are shown with a " " in Figure 21 .
Discussion on the Minimal Reactive Current Support Ability
On the other hand, the reactive current supply requirements in [20] and [21] also need to be re-examined. As required in [20] , when a 3P fault occurs, a WF should have the ability of dynamic reactive power support, which requires a WF to inject dynamic reactive current, as in (12) . Meanwhile, it is required in [21] that all WTGs should support reactive current as (18) , where U PCC in (12) is replaced by U WTG . I WTG_Q ≥ 1.5 × (0.9 − U WTG )I N_WTG , (0.2 ≤ U WTG ≤ 0.9)
where I WTG_Q and I N_WTG are the dynamic reactive current and the rated current of a WTG, respectively. All the above quantities adopt per-unit values. However, considering the actual phase angle δ between . U PCC and . U WTG , the actual dynamic reactive current at the PCC (I' PCC_Q ) is shown as (19) .
It is obvious that I' PCC_Q is much smaller than I PCC_Q , since U WTG is usually larger than U PCC . The actual reactive current (dashed line in left part of Figure 22 ) supported by the whole WF when all WTGs support reactive currents as required in [21] , is smaller than the reactive current (solid line in left part of Figure 22 ) required in [20] . The difference between these two reactive currents is 0.16425 p.u., when the U PCC drop to 0.2 p.u. On the other hand, the actual reactive power (dashed line in right part of Figure 22 ) supplied by the whole WF is insufficient, compared with the reactive power (dashed line in right part of Figure 22 ) required in [20] , due to the same reason. The largest difference between the two reactive powers is 0.0464 p.u., which occurs when U PCC drops to 0.45 p.u., but not to 0.2 p.u. Thus, it is requisite that the control center of a WF should compensate the reactive current by dispatch control to meet the grid code requirements in [20] .
Summary of Applicability Analysis of LVRT Requirements
In summary, although it is important to require a WTG to satisfy some rules when connecting to the grid, the requirements should be carefully proposed. From the point of minimal grid-connection time, since the voltage of WTG terminal is usually higher than the voltage of PCC, the voltage sag problem seen by a WTG is less serious than that seen by a WF. Even when the voltage of PCC drops to 0.2 p.u., the voltage in the WTG terminal only drops to 0.3095 in all WFs with all possible configurations and parameters, no matter what the configuration the WF is, and what kind of reactive power compensation devices is used. In one word, the new requirement in [21] is harsher to WTG manufacturers or WF administrators, as presented in Section 7.1. On the contrary, from the point of minimal reactive current or power support, the new requirement in [21] is insufficient to meet the requirement in [20] for a whole WF. The WF need extra reactive power compensation devices to satisfy the LVRT requirement in [20] . The analysis in Section 7.2 could be useful for calculating the minimal capacity of the extra reactive power compensation devices.
Conclusions
This paper describes a detailed modeling of a PMSG-based WF and analyzes the fault characteristics of the WF with the consideration of different fault positions, fault types, and wind speeds. The fault characteristic analysis could be helpful for developing new control or protection methods for a PMSG-based WF.
In addition, applicability analysis of LVRT requirements for a WF and a WTG was implemented. Considering the voltage drop on the impedance of the main transformer and the current contributions from WTGs and reactive compensation devices in a WF, it is concluded that from the point of minimal grid-connection time, the new requirement for a WTG is harsher to WTG manufacturers or WF administrators. On the contrary, from the point of reactive current or power support, the new requirement for a WTG is insufficient to meet the requirement for a whole WF. This applicability analysis of LVRT requirements could serve as a reference for WTG manufacturers, WF administrators, and grid operators.
